We examined the electrical injection of spin-polarized electrons into a GaAs-based light-emitting diode structure from a Fe/ GaO x tunnel injector whose electron-charge injection efficiency was comparable to that of a conventional Fe/ n + -AlGaAs ohmic injector. A high circular polarization of electroluminescence up to 20% was observed at 2 K. The combination of effective spin-and charge-injection efficiencies makes GaO x a promising tunnel barrier for GaAs-based spintronic devices.
However, the interface between these oxides and GaAs has quite high recombination velocities for GaAs-based semiconductors accompanied by huge interface state densities D it ͑ϳ10 13 cm −2 eV −1 ͒. 11, 12 This prevents the electrons from tunneling into the conduction band of semiconductors, resulting in much lower charge-injection efficiency than that of ohmic injectors. 7, 13 This limits the feasibility of AlO x and MgO as the tunnel barriers of GaAs-based spintronics devices. Therefore, it is crucial to find a new tunnel-barrier material that allows us to achieve not only high spininjection efficiency but also high charge-injection efficiency.
Conventional oxide GaO x would be a good candidate for the tunnel-barrier material due to its very low D it ͑10 10 -10 11 cm −2 eV −1 ͒ at the GaO x / GaAs interface. 11, 14 Also, there is no significant magnetic dead layer at the 3d-FM metal/ GaO x interface. 15, 16 Moreover, our previous electroluminescence ͑EL͒ study revealed that the chargeinjection efficiency of an Fe/ GaO x injector is much higher than that of an Fe/MgO and comparable to that of the conventional ohmic injector of Fe/ n + -AlGaAs. 13 The circular polarization-dependent EL measurements in this study were conducted by using spin-LEDs with the Fe/ GaO x tunnel injector. We observed a high degree of circular polarization of EL, P circ , up to 20%, indicating the injection of highly spin-polarized electrons into AlGaAs/ GaAs.
The film for the spin-LEDs was grown by molecularbeam epitaxy ͑MBE͒. The film structure was a n-Al 0.2 Ga 0. 8 We used a III-V semiconductor MBE chamber to grow the AlGaAs/GaAs part of the spinLEDs. The surface of the n-AlGaAs layer was passivated with arsenic at RT to prevent the surface from being oxidized. Then, the film was placed into the metal/oxide growth chamber, and heated at about 500°C to remove the arsenic cap layer. After the cap layer had been removed, the reflection high-energy electron diffraction ͑RHEED͒ image revealed sharp streak patterns, indicating an atomically flat surface for the n-AlGaAs layer. Finally, a tunnel injector and cap layer of Au ͑5 nm͒/Fe ͑5 nm͒/GaO x ͑4 nm͒ were deposited by electron-beam evaporation at RT. The details on the experimental procedure to grow the tunnel injectors are found elsewhere. 15 Surface emitting spin-LEDs with an active area of 150 ϫ 150 m 2 were prepared with conventional microfabrication techniques ͑e.g., photolithography, Ar ion milling, and SiO 2 sputtering͒. The Au/Cr pads for electrical contact were deposited on the LEDs with a window opening of 100 ϫ 100 m 2 . The EL under the magnetic field was measured with a spectrometer with a quarter wave plate and linear polarizer. The magnetic field was applied by using a superconducting magnet perpendicular to the LED surface ͑Fara-day geometry͒. We confirmed that the EL intensity of the present sample at RT was comparable to that of the ohmic injector of Fe/ n + -AlGaAs, 13 indicating a very high chargeinjection efficiency for the present Fe/ GaO x injector. Au/Fe/GaO x / ͑Al͒GaAs layers. The image reveals that the GaO x layer is amorphous and the Fe layer is polycrystalline, which are both consistent with the RHEED observations. 13, 15 No interdiffusion was identified at either of the GaO x / AlGaAs or the GaO x / Fe interfaces. Figure 2 shows the left ͑ + ͒ and right ͑ − ͒ circular polarization components of the EL spectra at 2 K under magnetic fields of 0 and 3 T. At a zero magnetic field, no differences were confirmed in the intensity of either of the components. It should be noted that a remarkable difference appeared between the + and − components at 3 T, suggesting that the injected electrons are highly spin-polarized.
The observed EL spectra had various structures, meaning that several radiative recombination processes occurred. The spectra could be fitted well with three Gaussian profiles. The decomposed emission features for the data at the zero magnetic field have been given in the figure as examples. The peak with the highest energy of 1.5455 eV ͑12 477 cm −1 ͒ can be assigned to the free exciton emission from the GaAs QW, and the other peaks might be satellites of the free exciton. 17, 18 The value of P circ should be obtained from the emission from the free exciton since quantum selection rules can be directly applied to only the free exciton emission. 17 The dependence of magnetic field on the P circ is plotted in Fig. 3 . Here, the P circ is defined as ͑I + − I − ͒ / ͑I + + I − ͒, where I + and I − are the intensity of the + and − components of the free exciton peak. A weak linear background signal with a slope of +1.3% / T, which might be attributed to Zeeman splitting in the QW, 8, 19 has been subtracted from the raw P circ data. The P circ roughly tracks the magnetization measured in a perpendicular magnetic field with a superconducting quantum interference device ͑SQUID͒ magnetometer, indicating that the observed P circ was derived from the Fe electrode. With increasing magnetic field, the P circ increased rapidly and saturated at about 20% above 2 T, this corresponds to the demagnetization field of the Fe layer. The parasitic contribution of the magnetic circular dichroism from the 5 nm thick Fe electrode is negligibly small at about 1%. 19 These prove that the observed P circ originates from the highly spinpolarized electrons injected from the Fe/ GaO x injector into the AlGaAs/GaAs QW.
The P circ generally gives a lower bound for P spin due to the spin relaxation of the injected electrons prior to radiative recombinations in the QW, viz., P spin = P circ ͑1+ re / s ͒. 20 Here, re and s correspond to the radiative and spin lifetimes in the AlGaAs/GaAs QW. For the present spin-LED, the P spin should be limited to about 40% because of the polycrystalline Fe electrode. 21 Adopting the reported value of re / s ϳ 1 at low temperatures, 22, 23 the P spin we achieved was roughly estimated to be 40%, which is in excellent agreement with the expected value.
With increasing temperature, the P circ monotonically decreased and became less than 2% at 300 K. At present, the reason for the observed degradation in P circ at elevated temperatures is not clear because there should be several possible mechanisms such as the effect of temperature on the electron transport processes, the recombination processes for EL and the factor of re / s . Further study is necessary to understand the physical origin for the dependence of P circ on temperature.
Finally, we will comment on the effect sample preparation had on P circ . In our previous EL study, the surfaces of the AlGaAs/GaAs wafers were exposed to air without an arsenic cap layer before the Fe/ GaO x injector was grown. 13 This resulted in a poor surface morphology that was confirmed by RHEED observation after the surface oxidized layer was removed. We should remark that the previous LEDs had only a few percent of P circ even at low temperatures although the samples had almost the same layer structures and doping profile as the present spin-LEDs. Recall that the charge-injection efficiency in our previous Fe/ GaO x injector was comparable to that of the ohmic injector of Fe/ n + -AlGaAs. 13 Also, no difference was observed in the magnetic moment and the magnetization curve of the Fe layers between the present and previous LEDs by SQUID measurements. These strongly suggest that spin-dependent transport through the GaO x / AlGaAs interface is much more sensitive to the quality of the AlGaAs surface than charge transport. Understanding what effect the technique of preparing the semiconductor surface has on spin-dependent transport would provide useful information to achieving highperformance GaAs-based spintronic devices.
In conclusion, we fabricated GaAs-based spin-LEDs with a Fe/ GaO x tunnel injector that had much higher chargeinjection efficiency than those of other oxide materials such as MgO. At 2 K, the P circ reached up to 20%, which is consistent with the expected maximum value from the polycrystalline Fe electrode we used in this study. This indicates that GaO x is an important tunnel-barrier material for developing GaAs-based spintronics devices. 
